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Dogs are our oldest domesticated animals, our friends and companions, and the most widespread species of all animals under human care. There are few things for which dogs have not been utilized during our joint history: they have been used as hunting aids, for pulling and carrying, as providers of meat, fur and other products, for guarding and watching, and as laboratory test animals, just to mention some examples. In large parts of the world, dogs are increasingly popular as pets, friends and family members, and at the same time the importance of dogs as working dogs, for example with police and rescue forces, has probably never been higher.
At the same time, biologists have started to take greater interest in the biology and behaviour of dogs, for a number of reasons. First, since dogs are so closely connected to human evolution and history, understanding how, where and when dogs have developed and spread helps us understand our own background. Second, the long coexistence with humans has led the dog to develop specific adaptations facilitating life with us, and the dog therefore provides an excellent model for studying how behaviour and cognition have evolved. Third, the increasing importance of dogs as pets and working animals calls for a deeper biological knowledge of how these animals actually work -such information can help us not only to train and shape dogs for specific tasks, but also to prevent and cure various behavioural disorders which may cause owners and animals large problems.
The present book is an attempt to provide an up-to-date description of the behavioural biology of dogs, written by experts in different areas of this large field. The target audience consists of students of animal behaviour or veterinary medicine at advanced levels -the book is not intended as an introductory text to dog behaviour in general. It is also the hope of the authors that interested dog owners outside academia may find usable parts in the book. There is no doubt that ix Preface certain chapters will require closer acquaintance with various aspects of biology than the average dog owner is likely to possess, but we also believe that most chapters contain aspects that are readily accessible.
The book is split into four different parts, each concerned with a specific aspect of the behavioural biology of dogs. The first part (Chapters 1-3) is devoted mainly to the evolution and development of the dog. Although not primarily concerned with behaviour, these aspects form the basis for understanding how behaviour has developed and for placing the dog in its relevant biological context. The second part (Chapters 4-8) deals with basic aspects of animal behaviour with particular emphasis on dogs. The third part (Chapters 9-12) places the modern dog in its present ecological framework: in the niche of human coexistence. Here we give a broad overview of the behavioural aspects of living close to humans. In the last part of the book (Chapters 13 and 14), the emphasis is on behavioural problems, their prevention and cure.
All of the contributors to this book have considerable research experience in their areas, and it is hoped that this will guarantee that the text is relevant, up-todate and central to the subject.
Per Jensen Linköping, March 2006

Editor's Introduction
In this first part of the book, the dog is placed in context amongst its zoological relatives, and in relation to its domestication history. The first chapter outlines the modern view on the zoological systematics of carnivores and canids in particular. Here, the reader will find an exciting account of fossil and present traits which allows the dog to be placed within the greater picture of closely related canids.
Of course, the dog is a domesticated species, and its domestication history has been subject to intense research during the last decade or so. Here, modern molecular genetics offers tools which have allowed biologists to give their pictures of how, where and when domestication started, complementing the traditional picture offered mainly by archaeologists. Some aspects of this new picture are truly stunning and require that we revise large parts of our traditional views on how domestication began.
Given the novelty of the molecular research on the ancestry of dogs, it should not be a surprise that different scientific groups arrive at somewhat different conclusions. This is partly explained by variations in methods, and the only way to resolve some of the disagreements is to continue to do more and improved research. As this book is written, there is therefore only limited consensus among biologists concerning, for example, the time when domestication started. As editor, one has to make a decision -one can choose not to cover the new research at all, or to only present the picture oneself believes in, or to present divergent pic
Introduction
Members of the dog family (Canidae) are an early lineage of carnivorans (order Carnivora). The canids were the first to branch off the caniform carnivorans, doglike predators that, in addition to canids, also include the bear family (Ursidae), the raccoon family (Procyonidae), the weasel family (Mustelidae), as well as the aquatic seals, sea lions and walruses (Pinnipedia). Living canids are some of the most successful predators, occupying all continents except Antarctica, and reign supreme as top predators in parts of northern North America and Eurasia. It is thus quite remarkable that domestic dogs, known for their loyalty to human masters, came from a dominant predator in the form of the grey wolf.
The history of domestic dogs occupies a tiny fraction of the long family history, and represents a mere twig in a large family tree of more than 36 species of wild canids living today (Wang et al., 2004a, b) . Despite their impressive variety, all dogs came from a single species of wolves in the latest Pleistocene during the last Ice Age. Earliest fossil evidence of domestic dogs in archaeological sites dates around 12,000-14,000 years ago in western Eurasia, whereas genetic evidence suggests an East Asian origin around 15,000 years ago or possibly as old as 100,000 or more years ago (e.g. Leonard et al., 2002; Pennisi, 2002; Savolainen et al., 2002) . Often treated as a subspecies of the grey wolf, Canis lupus familiaris (Linnaeus, 1758) , domestic dogs bear numerous resemblances to their wild wolf ancestors both morphologically and behaviourally.
The evolutionary history of canids is a history of successive radiations repeatedly occupying a broad spectrum of niches ranging from large, pursuit predators to small omnivores, or even to herbivores. Three such radiations were first recognized by Tedford (1978) , each represented by a distinct subfamily ( Fig. 1.1) . Two archaic subfamilies, Hesperocyoninae and Borophaginae, thrived in the middle to late Cenozoic from about 40 to 2 million years ago (Ma) (Wang, 1994; Wang et al., 1999) . Living canids all belong to the final radiation, subfamily Caninae, which had almost an equally long history as the hesperocyonines and borophagines but achieved their present diversity only in the last few million years (Tedford et al., 1995) .
Canids originated more than 40 Ma in the late Eocene of North America from a group of archaic carnivorans, the Miacidae Tedford, 1994, 1996) . They were confined to the North American continent during much of their early history, playing a wide range of predatory roles that encompassed those of the living canids, procyonids (raccoons), hyaenids (hyenas) and possibly felids (cats). By the latest Miocene (about 7-8 Ma), members of the subfamily Caninae were finally able to cross the Bering Strait to reach Europe (Crusafont-Pairó, 1950) , commencing an explosive radiation and giving rise to the modern canids of the Old World. At the formation of the Isthmus of Panama about 3 Ma, canids arrived in South America and quickly established themselves as one of the most diverse groups of predators on the continent (Berta, 1987 (Berta, , 1988 . With the aid of humans, Canis lupus dingo was transported to Australia late in the Holocene. Since that time, canids have become truly worldwide predators, unsurpassed in distribution by any other group of carnivorans.
Here, in the context of this volume on domestic dogs, we place more emphasis on the subfamily Caninae, to place the origin of the wolves in its proper historical context. The issues of dog domestication will be treated separately (Chapter 2 in this volume). Our perspectives are mostly palaeontological and morphological, although we will point out controversies from molecular studies. We do not attempt to cite all of the references in canid palaeontology and systematics, most of which have been summarized in papers that are cited.
What is a Canid?
Canids are members of the order Carnivora due to their common possession of a pair of carnassial teeth. The carnassials are formed by the upper fourth premolar and lower first molar, which have long, sharp shearing blades and function as a pair of scissors for slicing muscles and tendons of the prey. Within the Carnivora, canids fall in the suborder Caniformia, or dog-like forms. The Caniformia are divided into two major groups that have a sister relationship: superfamily Cynoidea, which includes Canidae, and superfamily Arctoidea, which includes the Ursidae, Ailuridae, Procyonidae and Mustelidae, as well as the aquatic Pinnipedia and the extinct Amphicyonidae.
The family Canidae is a group of carnivorans that originated from a common ancestor more than 40 Ma. Through such a common evolutionary ancestry all members of the Canidae share a few morphological features (shared derived characters) that are passed to all their descendants, although some of these features have been modified subsequently in different ways. All of these derived characters can be observed in the fossil record, and thus are capable of being verified time and again throughout their evolutionary history.
As a cohesive group of carnivorans, living canids are easily distinguished from other carnivoran families. Morphologically there is little difficulty in recognizing living canids with their relatively uniform and unspecialized dentitions. However, the canids as exemplified by the living forms are narrowly defined. Only a small fraction of a once diverse group has survived to the present day ( Fig.  1.1 ). Canids in the past had departed from this conservative pattern sufficiently that palaeontologists had misjudged some canids as procyonids. Similarly the extinct bear-dog family Amphicyonidae, which belongs to the Arctoidea, had in the past been placed within the Canidae, because of its unspecialized dentition.
How do we know a canid when we see one? A key region of the anatomy used to define canids is the middle ear region, an area in the back of the skull that displays a rich variety of morphological patterns (Hunt, 1974) . In particular, the way the middle ear bullar chamber (a rounded bony housing that protects the inner ear) ossifies is of considerable importance in recognizing relationships among different families of carnivorans. Canids are characterized by an inflated entotympanic bulla that is divided by a partial septum along the suture between entotympanic and ectotympanic bones that form the bulla enclosing the floor of the middle ear space ( Fig. 1.2 ). Other features characteristic of canids are the loss of a stapedial artery and the medial position of the internal carotid artery that is situated between the entotympanic and the bone that contains the inner ear (the petrosal) for most of its course. Anteriorly the internal carotid is contained within the rostral entotympanic just before entering the braincase (Wang and Tedford, 1994) . These basicranial characteristics have remained more or less stable throughout the history of canids, allowing easy identification in the fossil record when these structures are preserved.
Evolutionary History
Among the living families in the order Carnivora, the Canidae are the most ancient. The family arose in the late Eocene, when no other living families of carnivorans had yet emerged (two archaic families, Miacidae and Viverravidae, have a much older history but none survive to the present time). Furthermore, canids still maintain many features that are primitive among all carnivorans, to the extent that dog skulls are often used to illustrate a generalized mammal in zoological classrooms. Dentally, canids are closest to the ancestral morphotype of Carnivora. Canids have a relatively unreduced dental formula of 3142/3143 (numbers in sequence represent incisors, canines, premolars and molars in the upper (left half before the oblique) and the lower (right half after the oblique) teeth). These are relatively unmodified tribosphenic molars except for the morphology of the carnassials (P4, m1), which are typical of all carnivorans. In contrast, all other carnivoran families generally have a more reduced dental formula and highly modified cusp patterns.
From this mesocarnivorous (moderately carnivorous) conservative plan, canids generally evolved toward a hypercarnivorous (highly carnivorous) or hypocarnivorous (slightly carnivorous) dental pattern. In the hypercarnivorous pattern ( Fig. 1.3B, D) there is a general tendency for the size of the carnassial pair to be enlarged at the expense of the molars behind (see also Enhydrocyon, Aelurodon, Borophagus and Cuon in Fig. 1.4 ). This modification increases the efficiency of carnassial shear. A hypocarnivorous pattern ( Fig. 1 .3A, C) is the opposite, with development of the grinding part of the dentition (molars) at the expense of carnassial shear (see also Cynarctoides, Phlaocyon and Cynarctus in Fig. 1.4 ). This configuration was only possible in the sister-taxa Borophaginae and Caninae, which share a bicuspid m1 talonid ( Fig. 1.3C) . One of the major trends in canid evolution is the repeated development of hyper-and hypocarnivorous forms (see below).
Hesperocyoninae
The subfamily Hesperocyoninae is the first major clade (a clade refers to a natural group of organisms that share a common ancestry) with a total of 28 species ( Fig.  1.4) . Its earliest members are species of the small fox-like form, Hesperocyon, that first appeared in the late Eocene (40-37 Ma) (Bryant, 1992) and became abundant in the latest Eocene. By the Oligocene (34-30 Ma), early members of four small clades of the hesperocyonines had emerged: Paraenhydrocyon, Enhydrocyon, Osbornodon and Ectopocynus. Hesperocyonines experienced their maximum diversity of 14 species during the late Oligocene (30-28 Ma), and reached their peak predatory adaptations (hypercarnivory) in the earliest Miocene with advanced species of Enhydrocyon and Paraenhydrocyon. The last species of the subfamily, Osbornodon fricki, became extinct in the middle Miocene (15 Ma), reaching the size of a small wolf.
With the exception of the Osbornodon clade, which acquired a bicuspid m1 talonid, hesperocyonines are primitively hypercarnivorous in dental adaptations with tendencies toward reduced last molars and trenchant (single cusped) talonid heels on the lower first molar. Although never reaching the extremes seen in the borophagines (see below), hesperocyonines had modest development of bonecracking adaptations in their strong premolars. At least three lineages, all species of Enhydrocyon and terminal species of Osbornodon and Ectopocynus, have independently evolved their own unique array of bone-cracking teeth. Hesperocyonines did not experiment with hypocarnivory.
Borophaginae
From the primitive condition of a trenchant talonid heel on the lower first molar seen in the hesperocyonines, borophagines and canines shared a basined (bicuspid) talonid acquired at the very beginning of their common ancestry (Fig. 1.3C ). Along with a more quadrate upper first molar with its hypocone, the basined talonid establishes an ancestral state from which all subsequent forms were In hypercarnivorous forms, the upper cheek teeth (B) tend to emphasize the shearing part of the dentition with an elongated and narrow P4, an enlarged parastyle on a transversely elongated M1, and a reduced M2. On the lower teeth (D), hypercarnivory is exemplified by a trenchant talonid due to the increased size and height of the hypoconid at the expense of the entoconid (reduced to a narrow and low ridge), accompanied by the enlargement of the protoconid at the expense of the metaconid (completely lost in Euoplocyon) and the elongation of the trigonid at the expense of the talonid. In hypocarnivorous forms, on the other hand, the upper teeth (A) emphasize the grinding part of the dentition with a shortened and broadened P4 (sometimes with a hypocone along the lingual border), a reduced parastyle on a quadrate M1 that has additional cusps (e.g. a conical hypocone along the internal cingulum) and cuspules, and an enlarged M2. The lower teeth (C) in hypocarnivorous forms possess a basined (bicuspid) talonid on m1 enclosed on either side by the hypoconid and entoconid that are approximately equal in size. Other signs of hypocarnivory on the lower teeth include widened lower molars, enlarged metaconids, and additional cuspules such as a protostylid. derived. Such a dental pattern proved to be very versatile and can readily be adapted toward either a hyper-or hypocarnivorous type of dentition, both of which were repeatedly employed by both borophagines and canines ( Fig. 1.4) .
The history of the borophagines also begins with a small fox-like form, Archaeocyon, in the late Oligocene. Contemporaneous with larger and more predatory hesperocyonines, these early borophagines in the late Oligocene and early Miocene tended to be more omnivorous (hypocarnivorous) in their dental adaptations, such as Oxetocyon, Otarocyon and Phlaocyon. One extreme case, Cynarctoides evolved selenodont-like molars as in modern artiodactyles, a rare occurrence of herbivory among carnivorans. These early borophagines are generally no larger than a raccoon, which is probably a good ecological model for some borophagines at a time when procyonids had yet to diversify.
After some transitional forms in the early Miocene, such as Cormocyon and Desmocyon, borophagines achieved their maximum ecological and numerical (i.e. species) diversity in the middle Miocene, with highly omnivorous forms, such as Cynarctus, that were almost ursid-like, as well as highly predatory forms, such as Aelurodon, that were a larger version of the living African hunting dog Lycaon. By then, borophagines had acquired their unique characteristics of a broad muzzle, a bony contact between premaxillary and frontal, multicuspid incisors, and an enlarged parastyle on the upper carnassials (modified from an enlargement of the anterior cingulum).
By the end of the Miocene, borophagines had evolved another lineage of omnivores, although only modestly in that direction, in the form of Carpocyon. Species of Carpocyon are mostly the size of jackals to small wolves. At the same time, the emergence of the genus Epicyon from a Carpocyon-like ancestor marked another major clade of hypercarnivorous borophagines. The terminal species of Epicyon, E. haydeni, reached the size of a large bear and holds the record as the largest canid ever to have lived. Closely related to Epicyon is Borophagus, the terminal genus of the Borophaginae. Both Epicyon and Borophagus are best known for their massive P4 and p4 in contrast to the diminutive premolars in front. This pair of enlarged premolars is designed for cracking bones, mirroring similar adaptations by hyaenids in the Old World. Advanced species of Borophagus survived most of the Pliocene but became extinct near the beginning of the Pleistocene.
Caninae
As in the hesperocyonines and borophagines, a small fox-sized species of Leptocyon is the earliest recognized member of the subfamily Caninae. Besides sharing a bicuspid talonid of m1 and a quadrate M1 with the borophagines, Leptocyon is also characterized by a slender rostrum and elongated lower jaw, and correspondingly narrow and slim premolars, features that are inherited in all subsequent canines. It first appeared in the early Oligocene and persisted into the late Miocene. Throughout its long existence (no other canid genus had as long a duration), facing intense competition from the larger and diverse hesperocyonines and borophagines, Leptocyon generally remains small and inconspicuous, never having more than two or three species at a time.
By the latest Miocene, fox-sized niches are widely available in North America, left open by extinctions of all small borophagines. The true fox clade, tribe Vulpini, emerges at this time and undergoes a modest diversification to initiate primitive species of both Vulpes and Urocyon (and their extinct relatives). The North American Pliocene record of Vulpes is quite poor. Fragmentary materials from early Blancan indicate the presence of a swift fox-like form in the Great Plains. Vulpes species were widespread and diverse in Eurasia during the Pliocene (see Qiu and Tedford, 1990) , resulting from an immigration event independent from that of the Canis clade. Red fox (Vulpes vulpes) and Arctic fox (Vulpes lagopus) appeared in North America only in the late Pleistocene, evidently as a result of immigration back to the New World.
Preferring more wooded areas, the grey fox Urocyon has remained in southern North America and Middle America. Records of the grey fox clade indicate a more or less continuous presence in North America throughout its existence, with intermediate forms leading to the living species U. cinereoargenteus. Morphologically, the living African bat-eared fox Otocyon is closest to the Urocyon clade, although molecular evidence suggests that the bat-eared fox may lie at the base of the fox clade or even lower (Geffen et al., 1992; Wayne et al., 1997) . If the morphological evidence has been correctly interpreted, then the bat-eared fox must represent a Pliocene immigration event to the Old World independent of other foxes. A transitional form, Protocyon, occurs in southern Asia and Africa in the early Pleistocene.
Advanced members of the Caninae, tribe Canini, first occur in the middle Miocene (9-12 Ma) in the form of a transitional taxon Eucyon. As a jackal-sized canid, Eucyon is mostly distinguished from the Vulpini in an expanded paroccipital process and enlarged mastoid process, and in the consistent presence of a frontal sinus. The latter character initiates a series of transformations in the Tribe Canini culminating in the elaborate development of the sinuses and a domed skull in Canis lupus. By latest Miocene time, species of Eucyon have appeared in Europe (Rook, 1992) and by the early Pliocene in Asia (Tedford and Qiu, 1996) . The North American records all pre-date the European ones, suggesting a westward dispersal of this form.
Arising from about the same phylogenetic level as Eucyon is the South American clade (subtribe Cerdocyonina). Morphological and molecular evidence generally agrees that living South American canids, the most diverse group of canids on a single continent, belong to a natural group of their own. The South American canids are united by morphological characters such as a long palate, a large angular process of the jaw with a widened scar for attachment of the inferior branch of the medial pterygoid muscle, and a relatively long base of the coronoid process (Tedford et al., 1995) . By the close of the Miocene, certain fragmentary materials from southern United States and Mexico indicate that taxa assignable to Cerdocyon (Torres and Ferrusquía-Villafranca, 1981) and Chrysocyon occur in North America. The presence of these advanced taxa in the North American late Miocene predicts that ancestral stocks of many of the South American canids may have been present in southern North America or Middle America. They appear in the South American fossil record shortly after the formation of the Isthmus of Panama in the Pliocene, around 3 Ma (Berta, 1987) . The earliest records are Pseudalopex and its close relative Protocyon, an extinct large hypercarnivore, from the Plio-Pleistocene (around 2.5-1.5 Ma) of Argentina. By the latest Pleistocene (50,000-10,000 years ago), most living species or their close relatives had emerged, along with the extinct North American dire wolf, Canis dirus. By the end of the Pleistocene, all large, hypercarnivorous canids of South America (Protocyon, Theriodictis) as well as Canis dirus had become extinct.
The Canis clade within the tribe Canini, the most advanced group in terms of large size and hypercarnivory, arises near the Miocene-Pliocene boundary between 5 and 6 Ma in North America. A series of jackal-sized ancestral species of Canis thrived in the early Pliocene, such as C. ferox, C. lepophagus and other undescribed species. At about the same time, the first records of canids begin to appear in the European late Neogene: Canis cipio in the late Miocene of Spain (CrusafontPairó, 1950) , Eucyon monticinensis in the latest Miocene of Italy (Rook, 1992) , the earliest raccoon-dog Nyctereutes donnezani and the jackal-sized Canis adoxus in the early Pliocene of France (Martin, 1973; Ginsburg, 1999) . The enigmatic C. cipio, only represented by parts of the upper and lower dentition, may pertain to a form at the Eucyon level of differentiation rather than truly a species of Canis.
The next phase of Canis evolution is difficult to track. The newly arrived Canis in Eurasia underwent an extensive radiation and range expansion in the late Pliocene and Pleistocene, resulting in multiple, closely related species in Europe, Africa and Asia. To compound this problem, the highly cursorial wolf-like Canis species apparently belong to a circum-arctic fauna that undergoes expansions and contractions with the fluctuating climate. Hypercarnivorous adaptations are common in the crown-group of species, especially in the Eurasian middle latitudes and Africa. For the first time in canid history, phylogenetic studies cannot be satisfactorily performed on forms from any single continent because of their Holarctic distribution and faunal intermingling between the New and Old Worlds. Nevertheless some clades were localized in different parts of Holarctica. The vulpines' major centre of radiation was in the Old World. For the canines, North America remained a centre through the Pliocene producing the coyote as an endemic form. A larger radiation yielding the wolves, dhole, African hunting dog and fossil relatives took place on the Eurasian and African continents. During the Pleistocene elements of the larger canid fauna invaded mid-latitude North America -the last invasion of which was the appearance of the grey wolf south of the glacial ice sheets in the latest Pleistocene (about 100,000 years ago).
Phylogenetic Relationships
As mentioned above, there is strong fossil evidence about the antiquity of the family Canidae. This basal placement within the suborder Caniformia is increasingly born out by molecular data in recent years, such as DNA-DNA hybridization of single copy DNA, mitochondrial DNA sequence studies, and recently studies of DNA sequences from nuclear genes (Vrana et al., 1994; Slattery and Brien, 1995; Flynn and Nedbal, 1998; Murphy et al., 2001; Wang et al., 2004a) , although molecular clock calculations tend to place the divergence time somewhat older, around 50 Ma (Wayne et al., 1989) , than is estimated from fossil evidence.
Phylogenetic (genealogical) relationships are traditionally inferred by analysis of the morphological characters, but molecular data are increasingly playing important, sometimes controversial, roles in the detection of evolutionary relationships. However, in the case of canids that have a substantial history known by fossil records only, morphology is still the only way to allow a comprehensive view of their entire history.
For the two extinct subfamilies, Hesperocyoninae and Borophaginae, we have performed an exhaustive analysis of the entire fossil records (Wang, 1994; Wang et al., 1999) and their relationships are roughly shown in Fig. 1 .4. For the subfamily Caninae, we have nearly finished a similar study of monographic revisions that deals with the entire fossil history of the canines in North America (Tedford et al., in prep.) . As a part of this larger effort to lay down a phylogenetic framework, Tedford et al. (1995) performed a cladistic analysis of living canids on morphological grounds. The result is a nearly fully resolved relationship based on an 18 taxa by 57 characters matrix at the generic level. This relationship recognizes three monophyletic clades in the canines: the fox group (tribe Vulpini), the South American canine group, and the wolf group containing hypercarnivorous forms (the latter two form the tribe Canini) (Fig. 1.5, left) .
Molecular studies of canid relationships range from investigations in comparative karyology, allozyme electrophoresis, mitochondrial DNA, to microsatellite loci (Wayne and Brien, 1987; Wayne et al., 1987a Wayne et al., , b, 1997 Geffen et al., 1992; Bruford and Wayne, 1993; Girman et al., 1993; Gottelli et al., 1994; Vilà et al., 1997 Vilà et al., , 1999 . Trees derived from the mtDNA are based on the widest possible sample of taxa and are better studied than nuclear DNA (Fig. 1 .5, right) (e.g. Wayne et al., 1997) . Overall, molecular studies tend to place the foxes near the basal part, the South American canines in the middle, and the wolves and hunting dogs toward the terminal branches, a pattern that is consistent with the morphological tree. The detailed arrangements, however, differ in a number of ways. The foxes are generally in a paraphyletic arrangement (falling at the stem parts of the tree) in contrast to a monophyletic clade (a natural group that contains ancestors and all descendants) in the morphological tree. The grey fox and bat-eared fox are placed at the base despite their highly advanced dental morphology compared to other foxes. Similarly, South American canines are no longer monophyletic under molecular analysis but form at least two paraphyletic branches. A glaring discrepancy is the Asiatic raccoon dog being allied to the foxes in the molecular analysis despite its numerous morphological characters shared with some South American forms. Finally, molecular data suggest independent origins for the Asiatic and African hunting dogs in contrast to a sister (Tedford et al., 1995) and molecular studies (right) . Not surprisingly, there are increased agreements between the molecular and morphological results when the two data sets are combined in a total evidence analysis Zrzavy´ and Ricánková, 2004) . Under such conditions, the South American canines (except Nyctereutes) become monophyletic, as does the clade including the wolf, dhole and African hunting dog. Although mitochondrial genes are known to evolve relatively quickly and thus are suitable for analysis on groups that have more recent ancestry, genetic variations in the mitochondria are only a tiny fraction of the total genome and the gene trees may not reveal the true phylogeny. Nuclear genes, with their vast information content, have the potential of revealing the true relationships, especially for groups of longer history. Works are underway to search for the most suitable part of the genome with just the right rate of evolution, neither too slow to offer much insight about change nor too fast to obscure true relationships. Recently Selenocysteine tRNA (Cf TRSP) and RNase P RNA (Cf RPPH1) genes have been shown to be promising (Bardeleben et al., 2005) , these tend to place the South American forms in a clade and are consistent with morphological results.
Evolutionary Trends
As a very successful group of predators, canids are known for their outstanding cursoriality, the ability to run fast and over long distances, and for their social (pack) hunting that requires complex collaborative behaviours. This combination of long-distance, relay-style running and social hunting to bring down prey together is a successful strategy in catching larger prey. In this regard, only the hyaenids are comparably equipped, whereas the felids may have reached similar running capabilities but more often hunt alone. The increased cursoriality in canids is generally correlated with a similarly increased running ability by their prey (various groups of ungulates), which are in turn related to the progressively more open grassland environments in the late Cenozoic.
Running and posture
Increased ability of running is often manifested in elongated and slender limbs, reduction of digits, and more erect standing posture. In addition to the overall elongation of the limbs, the distal segments (radius-ulna, tibia-fibular and metapodials) in particular tend to elongate more than the proximal segments (humerus and femur). The reduction of digits in carnivorans is usually confined to the decline of the digit I to result in a functionally four-digit hand and foot, in contrast to the far more dramatic digit reduction in ungulates such as the horses, because of the need for grasping by the hands in carnivorans. In all cursorial carnivorans, the standing posture is usually digitigrade with the metapodials lifted from the ground in contrast to the primitively plantigrade posture with proximal ends of the metapodials still touching the ground. All of the above limb modifications are a common strategy to increase the length of stride and decrease the weight in distal portions of the limbs.
Although fossil postcranial skeletons are often less abundant than cranial and dental materials, particularly those that are associated with dental materials to be accurately identified in taxonomy, we are in possession of enough skeletons in a few taxa in most major clades to permit a reasonable grasp of the general evolutionary trends. Starting from the beginning of the Canidae, Hesperocyon has already exhibited an initial stage of cursoriality with moderate lengthening of limbs and a semi-digitigrade posture (Wang, 1993) . Within the subfamily Caninae, this trend steadily progressed from the basal genus Leptocyon, which has increasingly slender limbs, to Vulpes, which has lost the entepicondylar foramen on the distal humerus (a sign of further slendering) and substantially reduced digit I, and to the Canis clade that carries these trends to a greater extreme as shown by living canids (Tedford et al., 1995) .
Social hunting
Hunting behaviour is generally not preserved in fossil records and canids' pack hunting behaviour can only be approached in an indirect way. By correlating certain skull morphology and body size, Van Valkenburgh et al. (2003) suggested that some hypercarnivorous borophagines may have acquired social hunting skills, although likely independently from those in the canines. Social hunting in the Caninae is mostly confined to the Canis clade (Macdonald et al., 2004) and thus has presumably arisen in the last few million years of canid history (see earlier section on Caninae history).
Diet and body size
Finally, throughout their history canids displayed remarkable flexibility and diversity in adaptations to different diets and preys. Small, generalized canids have the ability to evolve toward either hypocarnivorous or hypercarnivorous directions, depending on opportunities (see Fig. 1 .3 for dental adaptations). Hypocarnivorous forms tend to remain small-to medium-sized, and sometimes reduce their body size. The hypercarnivorous direction, however, often leads to larger body size, possibly as a result of energetic requirements (Carbone et al., 1999) . As in the history of hyaenids, large, hypercarnivorous canids frequently developed strong premolars that are capable of cracking bones as an additional source of protein (Werdelin, 1989) . Van Valkenburgh et al. (2004) suggested that such a correlated increase in body size and hypercarnivory acts like an evolutionary ratchet -once a certain lineage is launched toward increased predation, a larger body size often evolves over time.
